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A study on the low mass Drell-Yan production at the CERN LHC within the dipole
formalism
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We present results for the low mass Drell-Yan production in proton-proton collisions at the LHC in
the color dipole formalism. The DY differential cross sections at
√
s = 7 TeV as a function of dilepton
rapidity, transverse momentum and invariant mass are discussed. We have imposed kinematical cuts
related to the low mass DY production investigated by ATLAS and LHCb collaborations.
PACS numbers: 12.38.Bx,13.60.Hb, 13.85.Lg
I. INTRODUCTION
The cross sections for producing lepton pairs by Drell-
Yan (DY) process have been proven to still fulfill the
factorization property and are finite to first orders in
perturbation theory at sufficiently large transverse mo-
menta, pT . On the other hand, there is an extensive
program of research treating the low pT region as the
conventional factorization approaches give divergent re-
sults at pT → 0 (see Ref. [1] and references therein). In
particular, in Ref. [2] it was shown that differential cross
section in the region pT ≥ Mℓℓ/2 is driven by subpro-
cesses initiated by incident gluons and therefore massive
lepton-pair differential cross sections are useful sources of
constraints on the gluon density. That study using next-
to-leading order QCD and pT -resummation was general-
ized in Ref. [3] to polarized scattering and in Ref. [4]
to electroweak gauge boson production. The study of
DY cross section with dileptons carrying large values of
transverse momentum has long history and it is related
to deep-inelastic-lepton scattering (DIS), prompt photon
production and jet production as an important probe of
short-distance hadron dynamics. Besides helping to con-
straint the parton distribution functions (PDFs) in the
nucleons, the great appeal of the production of dileptons
in DY process in nuclear targets is that they are colorless
probes of the dynamics of quarks and gluons [5]. Namely,
they escape unscathed through the colored medium of the
high-energy collision. Thus, the dileptons can be a pow-
erful probe of the initial state of matter created in heavy
ion collisions, since they interact with the medium only
electromagnetically and therefore provide a baseline for
the interpretation of jet-quenching models. Along these
lines, it has been shown [6, 7] that those electromagnetic
probes are crucial to determine the dominant physics in
the forward region at RHIC and at the LHC.
It has been shown [8] that both direct (prompt) pho-
ton production and Drell-Yan dilepton pair production
processes can be described within the same color dipole
approach without any free parameters. Such a formalism,
developed in [9] for the case of the total and diffractive
cross sections, can be also applied to radiation [10, 11].
In the rest frame of a target, the DY process looks like a
bremsstrahlung [12] of a massive photon from an incom-
ing quark. The photons can be emitted before or after
a quark to be scattered on a proton. Although in the
process of electromagnetic bremsstrahlung by a quark no
real quark dipole participates, the cross section can be ex-
pressed through the more elementary cross section σdip
of interaction of a QQ¯ dipole [12] . The relation between
this formalism and the usual collinear pQCD factoriza-
tion has been studied in details in Ref. [13]. The dipole
formalism offers an easy way to calculate the transverse
momentum distribution in DY process even in the low-pT
region. The corresponding phenomenology investigating
the role played by high energy approaches in the DY
pT distribution has been investigated long before in Ref.
[14]. Results from order αs in the parton model cannot be
directly compared to such approach since it is not an ex-
pansion in any parameter. All contribution from higher
orders graphs enhanced by a factor ln(1/x2) and even
non-perturbative corrections are included. For instance,
in Ref. [15] a twist expansion in powers of
(
Qsat
Mℓℓ
)2
(Qsat
is the saturation scale and Mℓℓ is the invariant dilep-
ton mass) was developed. It was shown that the leading
twist is a good approximation to the full result for masses
Mℓℓ ≥ 6 GeV. Recently, the diffractive DY cross section
has been investigated in detail within the dipole frame-
work [16]. The corresponding factorization breaking ef-
fects in diffractive DY lead to very distinct properties
of the observables compared to QCD factorisation-based
calculations.
Our goal is to investigate in detail the low mass DY
cross section at the LHC energies using color dipole ap-
proach, discussing several phenomenological aspects. We
focus mainly on forward rapidities and at the energy
available at the LHC. The paper is organized as fol-
lows. In next section we summarize the main formula
for DY differential cross section within the dipole frame-
work, which is suitable for forward rapidities and allows
to incorporate parton saturation effects. In last section
we show our numerical results and predictions and sum-
marize our main conclusions.
2II. THEORETICAL FRAMEWORK
This section resumes the theoretical treatment for
Drell-Yan production in pp collisions in high energies con-
sidered in our study. We will use the dipole approach,
which is well suited for high-energy processes, i.e. small
parton momentum fraction in the target x2 ∝ Mℓℓ/√s,
and its range of validity is expected to be near x2 < 0.01.
The low mass DY production surely probes the small-x
physics, specially the forward rapidity case. One advan-
tage in such an approach is to describe simultaneously the
direct photon and dilepton production in the same theo-
retical framework and it provides finite cross sections in
the limit pT → 0. The transverse momentum pT distribu-
tion of virtual photon bremsstrahlung in quark-nucleon
interactions, integrated over the final quark transverse
momentum, was derived in [12] in terms of the dipole
formalism,
d3σqN (q → qγ∗)
d(lnα) d2~pT
=
1
(2π)2
∑
in,f
∑
L,T
∫
d2~r1d
2~r2e
i~pT .(~r1−~r2)
× φ⋆T,Lγq (α,~r1)φT,Lγq (α,~r2)
×
[
1
2
(σdip(x2, αr1) + σdip(x2, αr2))
− 1
2
σdip(x2, α(~r1 − ~r2))
]
, (1)
where ~r1 and ~r2 are the quark-photon transverse sep-
arations in the two radiation amplitudes contributing
to the cross section, σdip. The parameter α is the rel-
ative fraction of the quark momentum carried by the
photon, and is the same in both amplitudes, since the
interaction does not change the sharing of longitudinal
momentum. In the equation above, T stands for trans-
verse and L for longitudinal photons. The energy depen-
dence of the dipole cross section, which comes through
the variable x2 = 2(p1 · q)/s = (MT /√s) e−y (with
MT =
√
M2 + p2T ), where p1 is the projectile four-
momentum and q is the four-momentum of the dilepton,
is generated by additional radiation of gluons which can
be resummed in the leading ln(1/x) approximation.
In Eq. (1) the light-cone wavefunction of the projectile
quark γq fluctuation has been decomposed into trans-
verse φTγq(α,~r) and longitudinal φ
L
γq(α,~r) components,
and an average over the initial quark polarization and
sum over all final polarization states of quark and photon
is performed. The expressions for T and L wavefunction
components are well known at the lowest order [12, 14].
The hadron cross section can be obtained from the ele-
mentary partonic cross section Eq. (1) summing up the
contributions from quarks and antiquarks weighted with
the corresponding parton distribution functions (PDFs),
d4σ(pp→ ℓ+ℓ−X)
dydM2d2~pT
= Keff
αem
3πM2
∫ 1
x1
dα
α
F p2
(x1
α
, µ2
)
× dσ
qN (q → qγ∗)
d(lnα) d2~pT
, (2)
where the PDFs of the projectile have entered in a combi-
nation which can be written in terms of proton structure
function F p2 , with x1 = (MT /
√
s) ey. For the hard scale µ
entering into the proton structure function in Eq. (2), we
take µ2 = β[(1−x1)M2+p2T ] and the energy scale of the
dipole cross section in Eq. (1) is given by the variable x2.
The dependence of the cross section on the choice for the
hard scale can be obtained by varying the β value (the
default value here is β = 1). The quantity Keff takes into
account the effective higher-order DY contributions. For
simplicity we take the expression [17]:
Keff(µ
2) = 1 +
αs(µ
2)
2π
(
1 +
4
3
π2
)
, (3)
where the running coupling constant is computed at the
scale µ2 = M2.
An important piece in the color dipole calculations is
the dipole cross section. It is theoretically unknown, al-
though several parameterizations have been proposed.
Here, we consider some analytical parameterizations
which rely on the geometric scaling property. In this
case, they are a function of a scaling variable rQsat(x)
where Qsat is the so called saturation scale. It defines
the transverse momentum scale where parton recombi-
nation physics is relevant and in general is modeled as
Qsat ∝ x−λ/2. A common feature on these models is
that for decreasing x, the dipole cross section saturates
for smaller dipole sizes. In addition, at small r, as per-
turbative QCD implies σ ∼ r2, they vanish, i.e. the color
transparency phenomenon occurs. In a general form,
they can be parameterized as [18],
σdip(x,~r; γ) = σ0
[
1− exp
(
−r
2Q2sat
4
)γeff ]
, (4)
where the quantity γeff is the effective anomalous di-
mension. The GBW parameterization [18] uses γeff = 1
and the remaining parameters are fitted to DIS HERA
data at small x. The saturation scale is defined as
Q2sat(x) =
(
x0
x
)λ
. This parameterization gives a quite
good description of DIS data at x < 10−2.
The main difference among the distinct phenomeno-
logical models using parameterizations as Eq. (4) comes
from the predicted behavior for the anomalous dimen-
sion, which determines the transition from the non-linear
to the extended geometric scaling regime, as well as from
the extended geometric scaling to the DGLAP regime.
It is the behavior of γ that determines the diminish-
ing of the hadronic cross section as pT increases. Sev-
eral models in the literature consider the general form
γeff = γsat +∆(x, r; pT ), where γsat is the anomalous di-
mension at the saturation scale and ∆ mimics the onset
of the geometric scaling region and DGLAP regime. In
order to take into account this possibility, here we also
will consider the phenomenological saturation model pro-
posed in Ref. [19] which encodes the main properties of
the saturation approaches, with the dipole cross section
3parameterized as follows
σdip (x, r) = σ0
{
N0
(
τ¯2
4
)γeff (x, r)
, for τ¯ ≤ 2 ,
1− exp [−a ln2 (b τ¯ )] , for τ¯ > 2 ,
where τ¯ = rQsat(x) and the expression for τ¯ > 2 (satura-
tion region) has the correct functional form, as obtained
from the theory of the Color Glass Condensate (CGC)
[19]. For the color transparency region near saturation
border (τ¯ ≤ 2), the behavior is driven by the effective
anomalous dimension γeff (x, r) = γsat +
ln(2/τ˜)
κλ y , where
γsat = 0.63 is the LO BFKL anomalous dimension at
saturation limit.
Before computing numerically the cross section given
by Eq. (2), we discuss about the semi-analytical calcula-
tion which is allowed in color dipole picture in the color
transparency region. In that case, an expression for pT
distribution can be written using Eq. (2) and the ex-
pressions for the transverse momentum pT distribution
of photon bremsstrahlung in quark-nucleon interactions,
Eq. (1). The explicit equation for the DY differential
cross section, Eq. (2), reads as:
d4σ (pp→ ℓ+ℓ−X)
dydM2d2~pT
=
α2em
6π3M2
∫ 1
x1
dα
α
F p2
(x1
α
,Q2 = µ2
)
×
{[
m2qα
4 + 2M2(1− α)2] [ I1
(p2T + ε
2)
− I2
4ε
]
+ [1 + (1− α)2]
[
εpT I3
(p2T + ε
2)
− I1
2
+
ε I2
4
]}
, (5)
where ε2 = (1−α)M2+α2m2q . The quantities I1,2,3 are
Hankel’s integral transforms of order 0 (I1,2) and order
1 (I3) given by:
I1 =
∫
∞
0
dr rJ0(pT r)K0(ε r)σdip(x2, αr),
I2 =
∫
∞
0
dr r2J0(pT r)K1(ε r)σdip(x2, αr),
I3 =
∫
∞
0
dr rJ1(pT r)K1(ε r)σdip(x2, αr). (6)
Here, K0,1(x) denotes the modified Bessel function of the
second kind and mq is an effective quark mass.
Considering a kinematic interval where the dipole cross
section is dominated by the color transparency region,
one can use GBW parameterization and take its small-r
limit to compute analytically the integrals in Eq. (6).
In this case, we can take the approximation σdip ≈
σ0(r
2Q2sat) in the region where pT ≫ Qsat. At the LHC
energies, the typical saturation scale is of units of GeV.
For instance, at mid-rapidity x2 ≃M/√s, which gives for
〈M〉 = 10 GeV a value x2 ≈ 10−3 at 7 TeV. Then, the
saturation scale is of order Qsat = (x0/x2)
λ/2GeV ≈ 0.8
GeV (with x0 = 3.04 × 10−4 and λ = 0.288). The final
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FIG. 1: Low mass DY differential cross sections,
d3σ/dM2dY dpT , as a function of dilepton transverse momen-
tum, pT , at energy of
√
s = 7 TeV. The plots are shown for
fixed dilepton mass (M = 6 and 10 GeV) and distinct lepton
pair rapidities (Y = 0, 2, 4). The results are presented us-
ing the GBW dipole cross section (bold curves) and the CGC
dipole cross section (thin curves).
results for the hadron cross section is then,
dσ(pp→ ℓ+ℓ−X)
dydM2d2~pT
≈ α
2
emσ0Q
2
sat
6π3M2
∫ 1
x1
dα
α
F p2
(x1
α
,Q2
)
×
{[
m2qα
4 + 2M2(1 − α)2] [ p2T
(p2T + ε
2)4
]
+ [1 + (1− α)2]
[
p4T + ε
4
2(p2T + ε
2)4
]}
(7)
In what follows we compute the differential cross sec-
tions of low mass DY production in hadron-hadron col-
lisions focusing in the recent measurements done by AT-
LAS [20] and LHCb [21] collaborations at the LHC.
III. NUMERICAL RESULTS
Let us now present some numerical calculations con-
cerning the low mass dilepton production in the LHC
energy regime of
√
s = 7 TeV. For the proton structure
function in Eqs. (2) we have taken the ALLM parameter-
ization [22], which is valid in the kinematic range we are
interested in. The sensitivity to a different choice for F2 is
very small. Moreover, in order to account for the thresh-
old region x2 → 1, we have corrected the dipole cross
section by multiplying it by a threshold factor (1− x2)7.
We consider mq = 0.2 GeV for the effective quark mass.
In Fig. 1, we show the results for the differential cross sec-
tion, d3σ/dM2dY dpT (in units of pb), as a function of the
dilepton transverse momentum pT . Here, the predictions
are obtained using the GBW dipole cross section (bold
curves) and the CGC dipole cross section (thin curves)
and using the hard scale µ2 = (1 − x1)M2 + p2T . No-
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FIG. 2: Invariant mass distribution in the range 12 < Mℓℓ <
60 GeV. The imposed cuts at energy of
√
s = 7 TeV are lepton
pair rapidities |Yℓℓ| < 2.5 and dilepton transverse momentum
pT ≥ 1 GeV. Preliminary ATLAS data [20] are shown for sake
of comparison.
tice that the pT -spectrum is quite sensitive to the par-
ticular model of dipole cross section (specially at large
transverse momentum) as it depends on the behavior of
effective anomalous dimension as discussed in the pre-
vious section. In the left panel is shown the case for
fixed invariant mass M = 6 GeV and for sample values
of dilepton rapidity including central and forward rapidi-
ties, i.e. Y = 0, 2 and 4, respectively. The same notation
holds for the right panel, where now the invariant mass
is M = 10 GeV. As expected, the large rapidity cases
give smaller cross sections and the peak on the distribu-
tions is shifted to larger values of transverse momentum.
In the kinematical situation investigated here the peak
is located at momentum around pT ≈ 1 GeV. The shift
and location of the peak can be understood looking at
the semi-analytical expression, Eq. (7). A clear problem
in the numerical calculations using the full pT spectrum
is due to the strongly oscillating integrand appearing in
Eqs. (6), which turn out the pT integrations a delicate
task mainly for high mass values.
In Fig. 2 we show the invariant mass distribution at
midrapidities obtained from two different implementa-
tions of the dipole cross section taken from recent phe-
nomenological works. We considered the GBW model
(dot-dashed line) and the phenomenological saturation
model, labeled here CGC (solid line), which involves a
running anomalous dimension. The main deviation be-
tween these two models occurs at large pT , which gives
distinct overall normalizations for the dilepton invariant
mass distribution. The considered cuts are along the lines
presented by the ATLAS analysis [20] for low mass Drell-
Yan di-muon process. The selection cuts on that analysis
at energy of
√
s = 7 TeV and integrated luminosity of 36
pb−1 were low muon transverse momentum, pµT > 6 GeV
and low di-muon mass region 12 < Mℓℓ < 66 GeV. Here,
we consider the integration over the boson rapidity in
the range |Yℓℓ| < 2.5 and dilepton transverse momentum
pT ≥ 1 GeV. Distinct pT cuts will lead to a different
overall normalization for the invariant mass distribution.
At this stage we did not impose the selected cuts on indi-
vidual muons as done by ATLAS analysis. Two different
studies were done by ATLAS [20]: selection of muons of
different minimum pµT and no requirement on boson selec-
tion except for the invariant mass constraint (asymmetric
analysis) and selection of minimum pµT for muons and a
requeriment on the rapidity of boson is applied (symmet-
ric analysis). The results presented here are somewhat
consistent with the extrapolated Born level differential
cross section using the symmetric analysis. For sake of
comparison, we include the preliminary data [20] in Fig.
2 (filled circles).
The main M2 dependence of DY cross section can be
quantitatively understood in the color dipole framework.
In the case of integrated cross section on pT , it was shown
in Ref. [15] that a twist expansion in positive powers of
the ratio
(
Qsat
Mℓℓ
)2
can be performed. The leading twist
contribution reads as [15]:
d2σ
dydM2
≈ α
2
emσ0
12π2M2
Q2sat(x2)
M2
F p2
(
x1,M
2
)
×
{
4
3
γE − 1 + 2
3
[
ψ
(
5
2
)
− ln Q
2
sat(x2)
4M2(1− x1)
]}
,
modulo contributions of O(1 − x1). The exact leading
twist formula is quite close to the all-twist result at the
LHC energies in the region ofM > 6 GeV [15]. In central
rapidities considered above, 〈Y 〉 = 0, the saturation scale
changes from 〈Q2sat〉 ≃ 0.4 GeV2 down to 〈Q2sat〉 ≃ 0.2
GeV2 in the invariant mass range 12 < Mℓℓ < 66 GeV,
respectively. In this situation, the analytical result given
in Eq. (7) should be quite reliable. It would be timely
in the future to investigate the effects of QCD DGLAP
evolution in the dipole cross section and also the im-
pact parameter dependence in the CGC model as done
recently in Refs. [23] and [24].
Now, we focus on the forward rapidity region. In Fig. 3,
the rapidity distribution, dσ/dY , is computed for the in-
terval 2 < Y < 4.5 considering the two phenomenological
models (same notation as the previous plot) and using the
hard scale µ2 = 12 [(1−x1)M2+p2T ]. It was found that the
rapidity distribution is sensitive to the chosen hard scale
as also occurs for the LO pQCD approach. Here, the de-
viations comparing the models are stronger than for the
mass distribution. The main point is that the rapidity
distribution is driven by the effective anomalous dimen-
sion, which is distinct in the models. We have imposed a
cut for the dilepton transverse momentum of pT > 6 GeV
and two distinct intervals of invariant mass. Namely, in
the upper plot one has 20 ≤ Mℓℓ ≤ 40 GeV whereas in
the lower plot one has 10.5 ≤ Mℓℓ ≤ 20 GeV. The moti-
vation for such a cut is due to the recent LHCb collabora-
tion [21] measurement of low mass DY cross section. The
measurement collected with an integrated luminosity of
37 pb−1 are for the di-muon final state having muons
within pseudorapidities of 2 to 4.5, muon transverse mo-
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FIG. 3: The dilepton rapidity distribution at
√
s = 7 TeV
imposing the cut on dimuon transverse momentum pT > 6
GeV and two invariant mass regions: (upper plot) 20 ≤Mℓℓ ≤
40 GeV and (lower plot) 10.5 ≤ Mℓℓ ≤ 20 GeV.
mentum pµT > 3 GeV (p
µ
T > 15 GeV for higher masses)
in two distinct mass regions. In the forward rapidities
considered here, the saturation scale is in the interval
0.6 ≤ 〈Q2sat〉 ≤ 1.2 GeV2 for 〈Mℓℓ〉 ≃ 15.25 GeV. Slightly
lower values are found also for higher mass 〈Mℓℓ〉 ≃ 30
GeV.
Finally, we check the energy dependence of the DY dif-
ferential cross section within the color dipole picture. In
Fig. 4 (upper panel) we show the invariant cross section
as a function of pT at energy
√
s = 39 GeV. The ex-
perimental results from the E866 Collaboration [26] are
also presented (〈xF 〉 ≃ 0.63 and 4.2 ≤ Mµ+µ− ≤ 5.2
GeV). In the bottom panel, the differential cross sec-
tion d2σ/dMdy (for |y| < 1) is shown for the energy√
s = 1800 GeV as a function of dilepton invariant mass.
The data from CDF Collaboration [27] are included in
the plot, considering also the large invariant mass data
points. The solid curves refer to CGC and dot-dashed
curves to GBW dipole cross section, respectively. The
color dipole picture reasonably describes the cross sec-
tion from low to high energies in the kinematical re-
gions where it is expected to be valid. The approach
is also somewhat consistent with calculations carried out
in next-to-leading order QCD at both fixed target and
collider energies [2].
As a summary, we showed that low mass DY produc-
tion can be addressed in the color dipole picture without
any free parameters by using dipole cross section deter-
mined from current phenomenology in DIS. It has been
shown before [25] that in central rapidities at RHIC and
Tevatron, saturation effects do not play a significant role
for the measured range of pT . This situation can be
changed at the LHC even at midrapidities as the sat-
uration scale is enhanced by a sizable factor. We write
down also analytical results relevant for the calculation
of pT spectrum of DY dileptons.
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FIG. 4: The DY invariant cross section (upper panel) at√
s = 39 GeV as a function of pT compared to the E866 Col-
laboration data [26]. In bottom panel, the differential cross
section d2σ/dMdy at
√
s = 1800 GeV as a function of invari-
ant mass is presented and compared to the CDF Collaboration
data [27].
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